Traffic and variable loading conditions greatly influence the performance, durability, and safety of a bridge structure throughout its service life. Continuous monitoring can provide the basis for determining the deterioration rate and for estimating the remaining service life, thus assisting in making important decisions regarding bridge maintenance. This paper presents the design and implementation of a health monitoring system for condition assessment of full-depth precast concrete bridge deck, which was developed for the Parkview Bridge in Kalamazoo, Michigan. This system is composed of a remotely accessible on-site data acquisition system and a sensor network of vibrating wire strain gauges to monitor strain and temperature over given time increments. The system relies on the sensor network embedded in the bridge deck to gather static performance data under different loading conditions to provide condition assessment by collecting, storing, analyzing, and reporting relevant performance data over time. The paper presents a practical case study that mainly focuses on describing the initial steps in the development of the sensor network system, namely, the design (system architecture and data structures) and construction along with examples of how the data is acquired, organized, presented, and analyzed, keeping in mind that the bridge is still early in its life-cycle and has not yet experienced any structural problems.
Introduction
Bridges are a critical component of the transportation infrastructure. There are approximately 600,000 bridges in the United State according to the U.S. Department of Transportation Federal Highway Administration [1] . Four billion vehicles traverse these bridges daily [2] . Regular inspections and maintenance are essential components of any bridge management program to ensure structural integrity and user safety. This is a grand challenge due to the enormous number of existing bridges.
To assess the condition of a bridge, a few approaches are commonly used in practice. Visual inspection has a long history in bridge condition assessment and documents any sign of cracking, spalling, leaching, deflection and vibration, accidental damage, and deck surface damages. However, assessing the extent of structural deficiency of a concrete bridge is usually unreliable through visual inspections [2] . Coring samples provide a supplementary approach, in which small cores are drilled and concrete samples are obtained and tested in a laboratory. Since samples are taken from small selected portions of the concrete, erroneous conclusions might be reached due to the lack of overall behavioral information throughout the concrete structure. Diagnostic testing is another bridge condition assessment technique in which a bridge is exposed to varying loads and its responses measured and analyzed [3] . Diagnostic testing faces many constraints related to cost and traffic interruption. More importantly, diagnostic testing lacks the capability of continuously monitoring the bridge performance, which 2 Advances in Civil Engineering D(3) D (3) D (3) D (3) B (3) B (3) B (3) B (3) B (3) B (3) B (3) B (3) B (3) B(3) B (3) A (3) A (3) A (3) A (3) D (2) A (2) D (2) D (2) D (2) D (2) D (2) D (2) D (2) F (2) F (2) F (2) F (2) F (1) F (1) F (1) F (1) F (1) F (1) F (1) F (1) F (1) 
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Cast-in-place grout joint N PIER 3 PIER 2 PIER 1 1-group 1 sensors 2-group 2 sensors 3-group 3 sensors 4-group 4 sensors F (2) C (2) C (2) Figure 1 is the key to determining the remaining bridge service life [4] . Even though intensive bridge inspection and maintenance are being performed nationwide, the outcomes are not impressive. It has been reported that of the 600,000 bridges, 12% have been deemed structurally deficient while another 13% have been deemed functionally obsolete [1] . With these statistics, 25% of the nation bridges require immediate attention or repair and may present safety challenges. The appearance of widespread failures in bridges emphasizes the importance of effective continuous monitoring systems so that problems can be identified at early stage and economic measures can be taken to avoid costly replacement and catastrophic bridge failures [5] . Therefore, there is a need for bridge health monitoring technologies to enable continuous monitoring and real-time data collection. This paper presents a sensor-based bridge health monitoring system developed for the Parkview Bridge in Kalamazoo, Michigan. In this study, a bridge health monitoring system was designed and deployed for a newly constructed bridge that adopted rapid bridge construction techniques using precast concrete technology. Sensors were installed at strategic locations and connected to a remote computer workstation via telephone lines. Continuous bridge condition data are being collected in real time, archived in the laboratory computer workstation, and analyzed to assess the structural performance and integrity.
Concrete Bridge Health Monitoring
Traffic and variable loading conditions greatly influence the performance, durability, and safety of a bridge structure throughout its service life. In addition to carrying traffic loads, a bridge is exposed to its surrounding environment. Environmental factors such as temperature, humidity, and precipitation can all significantly affect the structural integrity and performance of a bridge as well. The condition of a bridge is never constant and therefore needs to be monitored continuously. Continuous monitoring can provide the basis for determining the deterioration rate (1), (2) , (3), (4), (5), (6), (7), (8) and for estimating the remaining service life, thus assisting in making important decisions regarding bridge maintenance. Among many technologies that have been developed to aid bridge condition assessment, sensor technology has attracted enormous research interest due to its capability of continuously monitoring the bridge condition [4] [5] [6] [7] . With the advancement in sensor technology, many sensors can be embedded in concrete at different locations, comprising a sensor network for structural health monitoring (SHM). These sensor networks can aid in the determination of the true reliability and performance of a structure by interpreting the data collected.
Applications of sensor-based SHM have been expanding in bridge health monitoring to increase safety and help engineers develop models for determining how a structure is behaving internally. At this moment, however, only few studies on sensor-based SHM in practice are available. Chajes reported on a study, in which strain gauges were used to remove restricted load limitations on three bridges in Delaware [8] . Casas described the usage of fiber optic sensors for bridge monitoring including crack detection, strain monitoring, and temperature monitoring [5] the development of an in-service strain monitoring system and its application in a number of bridges in Delaware [4] . Olund reported a series of bridge health monitoring studies conducted in Connecticut using the sensor technology, with recommendations of sensor selection and system configuration [7] . Table 1 provides a summary of the char-acteristics of some examples of these sensor networks that are already in use [9] [10] [11] .
These studies demonstrated the applicability of using sensor systems in continuously monitoring the condition of concrete bridges. Observations and findings in these studies laid a foundation for the design and implementation of the sensor network for the Parkview Bridge in Michigan. All the case studies above, except for the Parkview Bridge, had cast-in-place decks. The Parkview Bridge, on the other hand, had precast, full-depth deck panels, making this SHM study different from the others and posing unique challenges.
The Parkview Bridge SHM System Design and Installation
The Parkview Bridge is the first prefabricated bridge in Michigan to take advantage of rapid bridge construction techniques. A sensor network was designed and deployed to provide an SHM system for monitoring the performance of the bridge's full-depth deck panels. The bridge has four spans and three lanes, with all its major bridge concrete elements including piers, abutments, I-beam girders, and full-depth deck panels prefabricated off-site. The superstructure is composed of type IV AASHTO girders, and the deck is composed of forty eight, nine-inch thick precast reinforced concrete panels. These panels are categorized as North and South. Once the North and South panels were installed on-site, they were joined by a cast-in-place grouted joint. The deck is posttensioned with an added three-inch asphalt wearing surface. An overview of the bridge layout is shown in Figure 1 .
SHM Sensor Network Configuration.
Properly placed strain and thermocouple sensors can provide valuable information about structural performance. Additional measuring devices can be used, but only strain and temperature measurements were chosen in this project. The selection was based on the location of the bridge (relatively rural with light traffic) and cost, as well as on the reliability of such sensors, particularly the successful long-term performance of similar sensors (nine years in one instance [10] reliability in the sensor network, a number of redundant sensors were installed to allow for continued monitoring in case a sensor stops working. Therefore, the SHM system for the Parkview Bridge is composed of 184 vibrating-wire strain sensors (VWSG) with built-in thermocouples (thermistors) installed in the bridge deck panels. Additionally, the system hardware includes 12 multiplexers, 2 data loggers, 2 modems, a remote computer workstation in a laboratory, and the necessary wiring for communication and data transfer. The sensors and data loggers were calibrated and used per the manufacturer recommendation. They were tested in the laboratory to insure that they were reading correct values before they were placed in the bridge panels. They were installed by the research team and by a certified electrician during the construction phase. The initial temperature and strain values were recorded before placing the sensors in the panel forms. These initial readings are used later in calculating the strain and temperature values after recording the actual readings from the sensors. Figure 2 provides a schematic view of the designed system. In order to effectively monitor the structural performance, sensors must be placed at strategic locations. The locations of the sensors were based on the structural analysis information provided by the bridge designer. They were installed at and around the locations of maximum stresses and at locations with anticipated future durability issues (i.e., at panel joints and around the closure grout section). Additionaly, redundant sensors were also installed to compensate for the possibility of losing some sensors during construction or beyond. Four groups of strain and temperature sensors were installed at:
(1) midspans and supports to monitor longitudinal stresses,
midspans in the transverse direction to monitor lateral stresses, (3) edges of deck panels to monitor the joints between panels, (4) along the two sides of the grouted joint between the North and South panels. Figure 1 shows the locations of the sensors installed at the Parkview Bridge. These sensors were used to capture data throughout the day at ten-minute increments to determine maximum and minimum values of stresses and temperatures recorded. Since the deck and beam act as a composite section after construction, sensors were placed near the top fiber of the section. Due to limitations by the owner, sensors were only placed in the deck.
Sensor Hardware Installation.
Attaching VWSG sensors to reinforcing bars must follow a few precautions to ensure proper operation. In this study, all sensors were attached to the top reinforcement using zip ties with foam spacers to provide cover. Figure 3(a) illustrates the details of a properly secured sensor and how this configuration allows for the free flow of concrete mix while protecting the sensor and its wire during casting. Once the sensors were properly attached to rebar, the wires connecting them to multiplexers were loosely coiled around the reinforcement to allow concrete bonding between the wires and the reinforcement and to prevent any damage that might occur to the wire during the placement of concrete. The wires were run to a four-inch diameter PVC pull boxes to protect them from the concrete during the pour and to provide accessibility to the wires after the installation of the deck panels at the bridge site. Each wire was labeled to indicate the sensor location and orientation after casting. Figure 3(b) shows a completed sensor network for a panel along with wire routing and pull box placement. Figure 3 (c) illustrates the exposed pull box underneath the deck panels for access and splicing. Sensor wires were spliced together and run through PVC conduits underneath the deck panels to the data logging equipment.
In this project, the equipment was housed in three cabinets to protect the electrical equipment from varying environmental conditions, which were secured to the pier of the bridge as shown in Figure 3(d) . Each data logger contains a modem for remotely communicating with the laboratory computer workstation for data transfer.
The Parkview Bridge SHM Data Structure
To effectively monitor the bridge performance under varying load conditions, sensors were grouped depending on their locations. In this study, four groups of sensors were used to monitor the bridge performance.
(1) Group 1: longitudinal stresses at mid spans and over the piers. Figure 1 shows the locations and labels of all the sensors in the panels and provides the group number for each sensor in parenthesis. If a sensor belongs to multiple groups, the numbers are separated by commas; for example, Group 1 refers to those sensors placed near mid spans and at pier locations, and orientated longitudinally near the traffic lanes to monitor longitudinal stresses. Table 2 summarizes the list of sensor labels that contribute to Group 1 in each panel.
Group 2 includes those sensors that are used to monitor the bridge performance under transverse loading. The locations are similar to those in Group 1, but oriented transversely. Table 3 lists all Group 2 sensors. Group 3 refers to those sensors along the edges of critical panels. The main reason for having this group of sensors is to monitor the bonding and load transfer of deck panels. Theoretically, the deck and girders should behave as a composite section, but environmental factors and loading may cause the composite section to behave as smaller sections if joints fail or show fatigue over time. Table 4 displays the sensors used for this category. Group 4 refers to those sensors that are placed along both sides of the center grout joining North and South panels. They are oriented longitudinally. Table 5 lists all sensors belonging to this group.
Parkview Bridge SHM Data Acquisition and Analysis
The deployment of the Parkview Bridge structural health monitoring system enabled the remote collection of continuous strain and temperature data. Real-time data are being collected at ten-minute intervals. The two data loggers are contacted weekly through the modems and dedicated telephone lines to download and archive the sensor data for future analysis. The raw strain data are converted into stress data using material properties based on the laboratory testing of concrete samples collected during casting. The SHM system started to function in December 2008. Data archiving for a period of three years is currently underway to develop a solid baseline for future continuous monitoring of this bridge's condition. Examples of data analysis are presented in this section to illustrate how such data is interpreted. Figure 4 shows the longitudinal stress monitoring for the North panels of Span 2 (Group 1) in January 2009. Note that a negative stress value represents compression. Also, note that the bridge deck is designed to be in compression (deck panels are posttensioned) at all times and that the maximum compression allowed is −3600 psi (−24,821 kPa) and the maximum allowable tension is +537 psi (+3702 kPa). The coinciding temperatures recorded are illustrated in Figure 5 . Based on the limited information (one month in the first year), it is observed from Figure 5 that the differences in magnitudes between sensors as well as the slope of the lines over similar time periods are fairly similar (almost identical) with respect to temperature, suggesting a uniform behavior. The trend patterns for each sensor in Figure 4 demonstrate a uniform behavior as well.
Since all deck panels are fully restrained between supports, examining Figures 4 and 5 reveals that as temperature decreases, tension increases, reducing the total compression in the deck panels. It also reveals that as temperature increases, compression increases. This is clearly amplified in Figures 4 and 5 in the period from Tuesday 1/13/09 to Saturday 1/17/09 where the temperature has decreased by 17 degrees Celsius, resulting in a decrease in compressive stress of about 500 pounds per square inch (3447 kPa). The fluctuations between different locations are very minimal, indicating how little effect daily traffic has over the given time period and suggesting that temperature variation is the controlling factor in stress variation. The relationship between stresses and temperatures is key in this analysis, and any change in observed patterns over time may suggest that cracks are beginning to develop in the deck or that the deck is not acting as a fully composite unit (loss of bonding between joints). When significant variations are noticed between stress lines of different sensors in similar locations over the same time period, further analysis should be performed to distinguish between abnormal and normal behavior. Examining Figure 4 reveals a steep change in stress over a single day from 1/17/09 to 1/18/09. Figures 6 and 7 isolate this day and display the data on an hourly scale. The trend is clearly similar for the sensors under consideration; temperature increased causing compressive stresses to increase. The slopes of the lines over the given time period in similar locations are very close and consistent. The difference in locations caused a slight difference in temperature, but the behavior is the same. When changes in consistency are noticed, a further investigation must be performed. Over the month of January, similar analyses were performed for all locations under this group and no concerns for safety or maintenance were noticed, which is expected since the bridge is new.
The stresses at the joints between panels are very important to monitor due to the unique nature of the Parkview Bridge design. To transfer stresses efficiently, the bond between panels must be maintained so that the deck behaves as a uniform composite member. Once again temperature had the greatest impact on stress fluctuation. The stresses are within allowable limits causing no concern for performance at this time. This investigation focused on the behavior of stress readings between adjacent panel edges. Figures 8 and 9 show the recorded values for the month of January. The stresses at the joint between North panels 7 and 8 (N 7 B and N 8 E sensors) were compared to each other. These sensors should provide similar stress patterns to demonstrate that bonding remains intact between the two different panels. If stress patterns were to change, then a closer look would be needed to determine causes for the change in pattern. If changes were to occur, the prediction would be that bonding had failed or cracks had developed to weaken the bond between the two panels. This analysis was performed on all sensors in this category (Group 3), and no concerns for performance or maintenance were noticed. Similar analyses were performed for the other groups of sensors and similar observations and conclusions had been obtained. Tables 6 and 7 and Figures 10-13 illustrate the monthly maximum and minimum stress levels experienced at critical points (mid spans and piers) in longitudinal and transverse directions during the one-year monitoring. While there is no observed abnormal bridge deck behavior, there are a few instances that have experienced small tensile stresses in the transverse direction. Note that in these tables we are reporting the absolute maximum and minimum stresses experienced during a given month and that some of these readings may not necessarily be correct when the temperatures approach the lower sensor limit (−20
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Concluding Remarks
A health monitoring system was designed and deployed for the Parkview Bridge in Kalamazoo, Michigan. It is anticipated that this sensor-based health monitoring system would be capable of providing continuous monitoring of the bridge deck to determine its condition, assess the impacts from environmental factors such as temperature and from traffic loads, evaluate its deterioration rate, initiate maintenance and repairs when needed, and predict the remaining service life. Even with limited preliminary data, meaningful observations regarding the bridge performance and the relationship between temperature and stress can be obtained. It was found that recorded stresses vary widely due to the combined effect from loading and temperature variations. However, it was concluded that temperature is the controlling factor in stress variations that are measured by the static sensors in this study. Variations in temperature cause the bridge's behavior to vary from season to season.
A few lessons were learned in this study. The first lesson is related to the installation of sensors which is found to need a formal quality control procedure. The method used for securing sensors worked fine, but could be further improved. For example, the foam spacers, which are tightened by zip ties, would occasionally fall out if disturbed before casting, especially when the workers were in contact with the reinforcement or stepping on the zip ties securing the sensors. To improve on this problem, workers should be prevented from standing over the rebar mesh when pouring concrete. A second lesson deals with sensor wire connections which present another challenge. Due to the large volume of sensors and wires being connected and spliced, strict supervision needs to be provided. The integrity of the project relies on proper sensor readings from known locations and orientations. The labeling and splicing processes must be carefully supervised to avoid errors in labeling sensors. A third lesson deals with the location of the cabinets that house the data loggers. While the cabinets are installed at the top of the pier, 16 feet (4.8 meters) high, to prevent unwanted access to the expensive equipment, this has posed an access challenge for maintenance when needed, particularly that the pier is very close to live highway traffic, requiring extra safety measures. A better approach would be to provide secured cabinets at the ground level for easy access.
Since the sensors use analog signals via telephone lines to communicate data, electrical noise interference can significantly affect the validity of the readings, degrading the signal. Strain data recorded by the sensors may show outof-range values that are caused by signal interference. Long cable lengths have been found to weaken and degrade the analog signal as well. When using a large volume of vibrating wire strain gages, it is recommended to use a minimum time of ten-minute intervals for continuous monitoring. Using shorter increments were found to cause several erroneous readings. Furthermore, depending on the number of arrays and frequency of data collection, capacity limitations of the data logger must also be determined. Prior estimates of capacity were determined to be two weeks when the actual capacity was closer to one. This has caused data to be overwritten and lost for that week.
We recognize that at this time the bridge is still new and is not expected to have problems. However, as time goes by, data covering a relatively long period of time will be collected and, when combined with a bridge deterioration model, can help predict bridge performance and call for timely preventative maintenance. We believe that three years worth of monitoring data would provide sufficient baseline information to create behavior envelopes that can be used for future prediction of bridge condition and can be the basis of a bridge deck deterioration prediction model. The following is a discussion of our future tasks that will need to be achieved to fully reap the benefit from the sensor network discussed in this paper.
(i) Stress Envelopes. Once large amounts of data have been collected and processed for a minimum recommended period of three years, envelopes can be developed to determine normal performance patterns and condition. This can provide fast and efficient assessment means for periodically evaluating the condition of the bridge deck in comparison to the design and behavioral limits.
(ii) Full-Depth Deck Performance and Health Condition Prediction Modeling. Since the bridge is new, it is too early to begin to understand how loads will impact the bridge's deck over time. Further analyses will be performed by finite element modeling, particularly at panel joints and at the closure grout, using actual strain data from the sensor network to shed additional insights on the health of the bridge deck. As more and more data is collected each year, these models could be adjusted, calibrated, and validated using the known behavioral strain data to simulate and develop defect signatures that would then be used for predicting the future behavior and condition of the bridge deck.
